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Abstract. This paper presents an initial prototype of a dis-
tributed hydrological model used to map possible road inun-
dations in a region frequently exposed to severe ﬂash ﬂoods:
the Gard region (South of France).
The prototype has been tested in a pseudo real-time mode
on ﬁve recent ﬂash ﬂood events for which actual road inun-
dations have been inventoried. The results are promising:
close to 100% probability of detection of actual inundations,
inundations detected before they were reported by the road
management ﬁeld teams with a false alarm ratios not exceed-
ing 30%.
This speciﬁc case study differs from the standard appli-
cations of rainfall-runoff models to produce ﬂood forecasts,
focussed on a single or a limited number of gauged river
cross sections. It illustrates that, despite their lack of accu-
racy, hydro-meteorological forecasts based on rainfall-runoff
models, especially distributed models, contain valuable in-
formation for ﬂood event management.
The possible consequences of landslides, debris ﬂows and
local erosion processes, sometimes associated with ﬂash
ﬂoods, were not considered at this stage of development of
the prototype. They are limited in the Gard region but should
be taken into account in future developments of the approach
to implement it efﬁciently in other areas more exposed to
these phenomena such as the Alpine area.
Correspondence to: P.-A. Versini
(pierre-antoine.versini@crahi.upc.edu)
1 Introduction
Accurate ﬂood forecasts are crucial for efﬁcient ﬂood event
management. Until now, hydro-meteorological forecasts
have been mainly used to produce early-warnings and ﬂood
watches. InEuropetherearecurrentlysomeoperationalfore-
casting systems providing mainly early warnings based on
real time observations and precipitation forecasts: EFAS, run
by the European Joint Research Centre (Thielen et al., 2009),
Vigicrues run by SCHAPI in France (Tanguy et al., 2005),
and EHIMI run by ACA in Catalonia (Bech et al., 2005)
for instance. These existing forecasts are generally limited
to gauged cross-sections of large rivers or to speciﬁc water-
sheds with particular assets like hydropower dams, leaving
aside large parts of the territory.
In ﬂash-ﬂood prone areas, frequently affected by severe
storms with complex spatio-temporal patterns, damage often
occurs in the headwater catchments which are most of the
time not covered by ﬂood survey networks: see for instance
Gaume et al. (2009), Costa and Jarrett (2008) or Borga et
al. (2007) among others. When available, ﬂood warnings,
often based on the Flash Flood Guidance (FFG) approach
(Norbiato et al., 2008; Georgakakos, 2006; Sperfslage et al.,
2004; Mogil et al., 1978), help to raise the awareness of
rescue services and of the population and to increase their
preparedness. But these warnings are not sufﬁciently accu-
rate in time and space to allow a real-time event manage-
ment. In an ideal situation, distributed hydrological mod-
els, forced by high spatial and temporal resolution rainfall
measurements, would be very useful to simulate ﬂood dis-
charges at all the strategic locations on the hydrographic net-
work: towns, structures crossing rivers like bridges or cul-
verts. Such distributed forecasts could for instance provide
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the necessary information for emergency services to identify
the areas at risk and to take the appropriate safety and rescue
measures: prepositioning of rescue means, stopping trafﬁc
on exposed roads, determining safe accesses or evacuation
routes.
From a scientiﬁc point of view, the development of highly
distributed hydrological forecasts raises several difﬁculties:
1. In many areas, high space and time resolution rain-
fall estimates are available owing to the developments
of raingauge and radar networks. However, Quantita-
tive Precipitation Estimates (QPE) especially radar es-
timates remain uncertain, particularly when time and
space scales suited to ﬂash-ﬂood modelling are consid-
ered (Delrieu et al., 2009): sub-hourly time steps and
kilometric scale. These rainfall estimation uncertainties
are still a major factor limiting the accuracy of rainfall-
runoff modelling (Moulin et al., 2009).
2. The implementation of distributed rainfall-runoff mod-
els to produce discharge estimates at a high number of
watersheds or river cross-sections that are ungauged for
a large majority is not straightforward. The Prediction
on Ungauged Basins (PUB) is one of the major con-
cerns of the hydrologic community (Sivapalan et al.,
2006, 2003). The numerous tests conducted until now
showthattheperformancesofmostrainfall-runoffmod-
els are similar and drop drastically when they are ap-
plied without calibration (Andreassian et al, 2006). Is
it then reasonable to use rainfall-runoff models to simu-
late the outﬂows at ungauged small basins when experi-
ence shows that rainfall-runoff models are generally not
accurate enough to provide reliable outﬂows for ﬂood
event management at gauged basins?
3. How is it possible to validate the obtained results on
most of the points of interest which control ungauged
basins: i.e. where no discharge is measured?
Sticking to a purely hydrological approach aimed at provid-
ing accurate discharge forecasts, these difﬁculties can hardly
be overcome. But are accurate discharge forecast really nec-
essary? End-users of the hydrological forecasts, especially
emergencyservices, arenotinterestedindischargevaluesbut
in anticipating the consequences at the ground of the intense
rainfall events. A rough estimation of the possible magnitude
of the ﬂoods may be sufﬁcient to forecast with some accu-
racy the induced damages. Moreover, the damages observed
in the ﬁeld may be inventoried and used to evaluate the per-
formances of the hydrological forecasts. Changing the point
of view and considering at an early stage of development of
forecasting tools the end-users needs, may modify our view
on the possible usefulness of distributed hydrological fore-
casts. This is illustrated here on a speciﬁc case study: the
development of a ﬁrst prototype of a road inundation warn-
ing system (hereafter RIWS) for the Gard region (South of
France). This case study has been selected for two main rea-
sons: the real-time monitoring of the road network is a ma-
jor concern for the event management services in this area
frequently affected by severe ﬂash ﬂoods and where a large
proportion of the ﬂood victims are motorists, and the road
ﬂooding events are now systematically inventoried provid-
ing a large database for the development and the test of the
prototype.
The forecasting of possible road ﬂooding events may have
some advantages as argued before but poses also some addi-
tional problems.
1. The ﬂooding of a river crossing section on a road de-
pends on the magnitude of the ﬂood event but also on
its susceptibility to ﬂooding of the road. An efﬁcient
warning system has to take into account the variability
ofthissusceptibilitytoﬂoodingasshownhereafter. One
important step of the development of the prototype has
consisted of studying a large data set of reported past
road inundations to identify the characteristics affecting
this susceptibility to ﬂooding. This work is described in
a companion paper (Versini et al., 2010).
2. Both pieces of information – susceptibility to ﬂooding
and forecasted discharge values – have to be combined
to produce ﬂooding risk indices. This will be described
hereafter.
This paper presents the components of the proposed road
ﬂooding warning system and its ﬁrst validation results in four
test areas on ﬁve recent ﬂash ﬂoods for which inventories
of ﬂooded roads and sometimes time sequences of ﬂooding
were available. The paper is organized as follows. Section 2
is devoted to the presentation of the Gard region and of the
available data. Section 3 describes the distributed hydrologi-
cal model and its calibration and validation procedure based
on the available gauged discharge series. Section 4 presents
how the forecasted discharges and the road susceptibility to
ﬂooding are combined to deﬁne a road ﬂooding risk level.
The forecasted risk levels and the actually observed inunda-
tions are compared in Sect. 5 to evaluate the performance of
the prototype.
2 Study area and data set
2.1 The Gard region
Frequently affected by severe ﬂash ﬂoods (Gaume et al.,
2009; Delrieu et al., 2004b), the Gard region has been chosen
as case study. This region has a typical Mediterranean cli-
mate characterized by frequent and very heavy storm events
occurring especially in Autumn. The 1 in 10 year daily
precipitation exceeds 100mm on the plateaus (eastern part)
and 150mm in the mountainous western part of the area
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(CNRS/INPG, 1997). Single storm events often produce lo-
cally hundreds of millimeters within a few hours. The mon-
itoring of the road network during ﬂash ﬂoods is a major
concern for event management services: 40% of the victims
of ﬂoods during the last 50 years were motorists trapped in
their cars on inundated roads (Antoine, 2001; Ruin et al.,
2008), 200 emergency vehicles were seriously damaged or
destroyed during the September 2002 extraordinary ﬂoods;
the local radio “France Bleue Gard Loz` ere” broadcasts are
modiﬁed during severe storms to provide information about
the road network state.
The inundated road sections are now systematically in-
ventoried during or after every major event by the local ser-
vices in charge of the maintenance. The data collected during
ﬁve recent events will serve to evaluate the efﬁciency of the
proposed RIWS prototype. A database of the road inunda-
tions reported during the last 40 years, called PICH, has also
been built for parts of the region (Lignon, 2004). This infor-
mation helped understanding what characteristics inﬂuence
the susceptibility to ﬂooding of river crossing road sections.
The analysis of this data set and the resulting road suscep-
tibility to ﬂooding rating method are presented in Versini et
al. (2010). The ﬁrst tests of the RIWS have been conducted
on four application zones, chosen for their high density of
roadslistedinthePICHinventory, i.e.forthepotentiallyhigh
number of inundated roads during severe rainfall events (see
Fig. 1). These four zones represent a total area of 350km2
and a total number of 293 road sections crossing a river: 293
points for which forecasts have to be produced including 41
sections identiﬁed in the PICH.
2.2 The hydrological and meteorological data sets
The meteorological and hydrological data used in this study
have been collected and analysed in the framework of the
OHM-CV (Cevennes-Vivarais hydro-meteorological obser-
vatory, www.lthe.hmg.inpg.fr/OHM-CV). This observatory
is a research initiative aiming at monitoring and understand-
ing intense Mediterranean storms and ﬂash ﬂoods (Delrieu et
al., 2004a).
2.2.1 Rainfall intensity data
35 automatic rain gauges are located within or close to the
studied part of the Gard Region (Fig. 1). This rain gauge net-
work has been set up for ﬂood forecasting purposes. In the
upper part of the catchments its density is about one gauge
per 100km2. Experience has shown that such a density does
not enable accurate estimations of rainfall intensities through
spatialinterpolations(kriging)attimeandspacescalessuited
to ﬂash ﬂood dynamics: sub-hourly time step and kilometric
scale (Moulin, 2009). The Gard Region is also covered by
two weather radars. However, the radar data available for
the studied events were not yet reliable enough to retrieve
quantitative precipitation estimates (QPE). Kriging (Yates et
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Figure 1. The study region with location of the raingauges (triangles), of the gauged 
watersheds (coloured areas) and of the 4 test areas (rectangles). 
 
 
 
 
 
 
 
Fig. 1. The study region with location of the raingauges (triangles),
of the gauged watersheds (coloured areas) and of the 4 test areas
(rectangles).
al., 2008) was used to interpolate the rain gauge measure-
ments and to map rainfall rates at a 15-min time step and a
1km2 grid covering the study area. The relatively poor ac-
curacy of the rainfall input data, corresponding to the most
common situation in operational hydrology, is not favourable
for computing accurate ﬂood forecasts but does not prevent
from producing valuable distributed inundation warnings as
will be illustrated hereafter.
2.2.2 Discharge data
The distributed rainfall-runoff model part of the RIWS pro-
totype will be essentially applied on small ungauged water-
sheds located upstream from road sections crossing rivers.
It has been calibrated and validated on the existing stream
gauge data: series of hourly discharges over the period 2000–
2005 available for 12 stream gauges. It is worth noting that
the gauged watersheds are much larger than most of the wa-
tersheds on which the rainfall-runoff model will be applied.
The largest considered gauged watershed covers an area of
542km2 and the smallest has an area of 43km2, when the
average watershed area upstream river crossing road sections
in the four test zones is less than 10km2. Moreover, except
one, the gauged watersheds are located upstream of the main
river systems and do not cover the test zones (Fig. 1).
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Figure  2.  CINECAR  model  structure:  network  of  sub-watersheds  composed  of  two 
slopes and a river reach. 
Fig. 2. CINECAR model structure: network of sub-watersheds
composed of two slopes and a river reach.
3 Rainfall-runoff modelling
3.1 Choice of the rainfall-runoff model
A highly distributed rainfall-runoff model is needed to com-
pute simultaneously spatially consistent discharge values at
293 locations of the river network in the 4 test zones. More-
over, the model has to be simple and robust. It has to be
regionalized (Bl¨ oschl and Sivapalan, 1995) to be applied on
ungauged watersheds: the number of its calibration parame-
ters must be limited.
The CINECAR distributed hydrological model (Gaume
et al., 2004a) has been therefore selected. It was devel-
oped speciﬁcally to model ﬂash ﬂoods and has been used
to simulate the extreme ﬂoods that occurred in 2002 in the
Gard region (Delrieu et al., 2004b; Gaume et al., 2004b).
In this model, watersheds are represented by a network of
river reaches having a simple rectangular cross-section, con-
nected to two rectangular slopes as shown in Fig. 2. The US
Soil Conservation Service (SCS) Curve Number (CN) model
is used to calculate the evolution of the runoff coefﬁcient
on each slope during the storm event. The kinematic wave
model is used to route the ﬂows on the slopes and through
the network of river reaches.
The SCS-CN model was selected among others because of
its simplicity. It assumes that the ﬂood ﬂows are essentially
composed of surface runoff water or at least fast respond-
ing runoff processes. The evolution of the runoff coefﬁcient
value during the storm event depends on a single coefﬁcient
as follows:
C(t)=
(P(t)−0.2S)
(P(t)+0.8S)

2−
(P(t)+0.2S)
(P(t)+0.8S)

(1)
where: C(t) is the runoff coefﬁcient, P(t) is the total rainfall
amount in millimetres at time t, S is the retention capacity of
the catchment in mm given by the following equation where
the parameter CN is called “curve number” taking its values
between 0 and 100:
S =25.4

1000
CN
−10

(2)
The kinematic wave model, used to transfer the runoff ﬂows
on the slopes and in the river system, appears to be often
an accurate approximation of the Saint-Venant shallow wa-
ter equations governing one-dimensional unsteady free sur-
face ﬂows (Borah et al., 1980). An analytical method is used
to solve the kinematic wave differential equations (Daluz-
Vieira, 1983) to avoid the disturbing effect of numerical dif-
fusion on the model results. This transfer function is dom-
inated by two parameters for each river reach: the Strick-
ler’s coefﬁcient of roughness and the width of the simpliﬁed
rectangular cross-section of the river reach. The other coef-
ﬁcients are derived from the digital terrain model: length of
the river reaches, average slopes.
A sensitivity analysis revealed that the parameters inﬂu-
encing predominantly the results of the CINECAR model are
1) the widths of the river reaches controlling the propagation
velocity of the ﬂood wave and hence the time of concentra-
tion of the watersheds and 2) the curve numbers determining
the runoff rates. The values of the Strickler’s roughness co-
efﬁcients, of secondary importance, were therefore ﬁxed for
the slopes and reaches respectively at 0.1 and 0.05. These
values led to satisfactory results for the simulation of the
2002 ﬂood (Delrieu et al. 2004b; Gaume et al., 2004a, b).
The 293 river crossing road sections in the test zones im-
posed a division of the area into a large number of small
sub-catchments: average area of 2km2 and largest area lower
than 10km2.
3.2 Calibration and validation procedures
The rainfall-runoff model has been adjusted and calibrated
based on the measured series available for eight watersheds,
covering the variety of encountered landscapes. The four
remaining watersheds – representing the same diversity –
served for the evaluation of the performance of the model
applied to area where it has not been calibrated – i.e. to as-
sess its capacity to be extrapolated to ungauged watersheds
in the same region.
The widths of the river reaches cannot be determined on
the basis of the digital terrain model. They had to be cali-
brated. For sake of simplicity and based on existing cross-
section survey results (Delrieu et al., 2004b), the widths Wi
have been related to the Strahler order I of the reaches:
Wi =W1·I2 (3)
One single parameter W1 has therefore to be calibrated to ad-
just the transfer function. The same parameter value could be
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Table 1. River widths depending on discharge return period T.
T (in years) Strahler order 1 Strahler order 2 Strahler order 3 Strahler order 4
T ≤2 4m 16m 36m 56m
2<T ≤10 8m 32m 72m 112m
T >10 12m 48m 108m 168m
Table 2. Results of the rainfall-runoff model calibration and validation.
Date Rainfall CN Width Nash calibration Nash validation
(mm) (LHH/HHH) (LHH/HHH) (LHH/HHH)
19 Sep 2000 100 40–50 Set 1 0,01/−1,7 0,38/−1,2
27 Sep 2000 164 40–50 Set 2 0,30/−0,99 0,34/0,31
17 Oct 2001 193 40–50 Set 2 −0,15/−0,08 −0,04/−0,41
8 Sep 2002 335 40–50 Set 2 0,47/0,43 0,82/0,65
30 Sep 2003 98 40–50 Set 2 0,10/0,12 0,47/0,66
15 Nov 2003 120 50–60 Set 3 0,08/0,27 −0,2/0,07
21 Nov 2003 165 50–60 Set 3 0,35/0,20 −1,3/−2,11
29 Nov 2003 230 70–80 Set 3 0,67/0,51 −0,27/–,041
25 Oct 2004 161 40–50 Set 2 0,35/−0,11 0,31/0,34
selected for all the watersheds. But due to the simplicity of
the transfer function implemented in CINECAR, it appeared
necessary to increase the value of W1 with the magnitude
of the ﬂood. Overbank ﬂow occurs during larger ﬂoods, in-
creasing the width of the active river channel and slowing
down the ﬂood wave propagation. Three different values of
W1 have ﬁnally been deﬁned depending on the return period
of the simulated discharge:
– Moderate discharge (return period <2 years), ﬂow con-
ﬁned into the main river channel: W1=4m.
– Signiﬁcant discharge (return period <10 years):
W1=8m.
– Major discharge (return period >10 years): W1=12m.
The resulting river widths are presented in Table 1.
Concerning the parameter CN, three land cover types (i.e.
CNagr for agricultural, CNfor for forest and CNurb for ur-
ban areas) and ﬁve soil and corresponding bed rock types
(i.e. CNall for alluvial soils, CNimp for impervious, CNper
for highly pervious, CNmet for metamorphic bedrock cov-
ered by shallow soils and CNkar for karstic areas) exist in
the region. It appeared nevertheless impossible to calibrate
a speciﬁc CN value for each land cover or soil type on the
basis of the catchment input-output (i.e. rainfall-discharge)
information only. The variability in the land covers of the
various catchments as well as in their rainfall-runoff dynam-
ics is not pronounced enough to enable a speciﬁc calibra-
tion of each CN. This led to the selection of the simplest
model with a global average CN value which appeared as
more robust leading to higher extrapolation and validation
results. Considering the various sources of uncertainties af-
fecting rainfall-runoff modelling, a range of possible CN val-
ues – the same for all the considered catchments – rather than
a single value has been adjusted for each calibration rainfall
event. Finally, the variability of the best suited CN range be-
tween rainfall events has been related to variables character-
izing the initial moisture condition of the soils and sub-soils
of the catchments: date and antecedent rainfall amounts.
Nine storm events with a total average rainfall exceeding
100mm on the eight selected gauged calibration watersheds
served for the adjustment of the model. For each event, the
three sets of width as well as seven CN values, ranging from
30 to 90, were tested. Finally, two CN values were consid-
ered, deﬁning a low and a high hydrological response hy-
pothesis (resp. LHH and HHH). An average Nash criterion is
calculated to assess the model performance for all the gauged
calibration and validation watersheds.
3.3 Performance of the rainfall-runoff model
The performances of the model on the calibration and the
validation watersheds are shown in Table 2. They vary from
one watershed to the other, and for a given watershed from
a storm event to the other. Nevertheless, they are acceptable
at the light of the simulation results obtained on comparable
case studies for which a strong emphasis was given to model
calibration (Borga, 2008). The performance of the model is
generally better for the largest rainfall events (see Fig. 3).
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Figure  3  (a-b).  Comparison  between  the  simulated  and  measured  hydrographs  – 
calibration 
 
Fig. 3. Comparison between the simulated and measured hydrographs – calibration.
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Figure 4 (a-b). Comparison between simulated and measured hydrographs – validation 
 
Fig. 4. Comparison between simulated and measured hydrographs – validation.
The hydrological response to smaller rainfall events appears
a little more erratic and probably linked to the non-linearity
of the rainfall-runoff relationship and to its high sensitivity
to slight variations of the initial wetness conditions.
The average values of the Nash criterions may appear
modest for many events. Several reasons can be put forward
to explain this state of facts. The model parameterization is
the same and has not been optimized for each watershed. A
highly negative value on one single catchment affects the av-
erage Nash value. The estimated rainfall amounts based on
spatial interpolation of point rainfall measurements are also
a major source of uncertainty despite the relative density of
the rain gauge network.
Table 2 shows that the best suited CN values (LHH and
HHH) increase during the autumn, which is consistent with
a recharge of the soils and the groundwater: from 40 to 50 in
September and October, to 50 to 60 in November. The very
large value obtained for the event of the 29 of November
2003 is probably linked to the high rainfall amounts which
preceded this event. Based on these observations, an empiri-
cal relation has been adjusted between CN and two variables
linkedtotheinitialwetnessconditions: theamountofprecip-
itation during the last 15 days and the month (see Table 3).
Table 3. Sets of CN depending on the month and precipitation
amount during the 15 preceding days.
Month September October November December
P15days CN CN CN CN
0–100mm 40/50 40/50 50/60 50/60
100–200mm 40/50 40/50 50/60 50/60
200–300mm 50/60 50/60 60/70 60/70
300–400mm 50/60 50/60 70/80 70/80
>400mm 60/70 60/70 80/90 80/90
This relation has been used to compute the ﬂood hydrographs
for three new events that have served for the testing of the
road warning prototype but were not considered in the cal-
ibration and validation phase of the CINECAR model: 17
December 2003, 3 November 2004 and 6 September 2005
(see Sect. 5).
The results obtained for the four validation catchments ap-
pear similar to the calibration results. Figure 4 shows the
results for the events previously illustrated in Fig. 3, and
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Table 2 combines the results of the hydrological validation.
The severe storm of 8 September 2002 is well modelled.
This is also the case, to a lesser extent, for the events of 27
September 2000, 30 September 2003 and 25 October 2004
events. For the other events, especially for the 29 Novem-
ber 2003 event, the model tends to over-estimate the ﬂood
peak discharges on the validation catchments. In some cases
(i.e. the 19 September 2000 and 30 September 2003 ﬂood)
the validation results are even better than those obtained dur-
ing calibration. The model and its parameterization seem to
be transferable and applicable, with its limits, over the Gard
Region.
This calibration and validation procedure may appear
quite rough. But it is consistent with the purpose of this
study: propose and evaluate the performances of a hydro-
logical model that can be used on ungauged watersheds. As
suggested by Stephenson and Freeze (1974): “Finer is not
necessary better”. The performances of the road inundation
warning system (RIWS) will be real test of adequacy of the
proposed rainfall-runoff model.
4 Design of a road inundation warning system
4.1 Susceptibility to ﬂooding of the roads
The main objective of this research is the design a RIWS
based on a highly distributed rainfall-runoff model and able
to assess a risk of ﬂooding for every intersection between
streams and roads every 15min during a storm event. This
risk level depends on the computed discharge of the consid-
ered stream representing the ﬂood hazard, but also on the
susceptibility to ﬂooding of the river-crossing structure. This
susceptibility can for instance be deﬁned as the return pe-
riod of inundation of the considered road section which is
generally highly correlated, if not equal due to the possible
inﬂuence of blockages for instance, to the return period of
the discharge inducing the inundation.
This return period is seldom known for a stream crossing
structure on a road network but thanks to an inventory of
past road inundations over the last 40 years in the Gard re-
gion (the PICH), an estimate of this return period was avail-
able for 167 stream crossing structures. A companion pa-
per (Versini et al., 2010) describes how this data set of 167
known inundation points was analysed to deﬁne the suscep-
tibility to ﬂooding of the rest of the crossing structures of the
region or at least of the four test zones depending on their
geographical characteristics. Four classes of susceptibility to
ﬂooding were deﬁned based on these characteristics: 1. very
high, 2. high, 3. medium, 4. low. The highest susceptibility
to ﬂooding class contains almost only points where ﬂooding
was reported during the last 40 years and the lowest suscep-
tibility class contains none of such points. The ﬂooding re-
turn periods are variable within each susceptibility class but
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Figure 5: Distribution of the return period of flooding for each susceptibility class  
Fig. 5. Distribution of the return period of ﬂooding for each suscep-
tibility class.
the distributions of these return period differ signiﬁcantly be-
tween classes (see Fig. 5).
4.2 Combination of discharge values and susceptibility
to ﬂooding
The theoretical return period of computed discharges at each
time step can be approximated using a regional discharge
quantile estimation method, the Crupedix method (Cema-
gref, 1980) adjusted for France. This formula provides an
estimate of the 10-year peak discharge value (Q10) depend-
ing on the area of the watershed.
Q10 =S0.8·

Pj10
80
2
·R ≈6.8S0.8 (4)
With Pj10 the 10-year daily rainfall accumulation in mm
(about 160mm in the Gard on average) and R a regional co-
efﬁcient (1.7 for the Gard).
An analysis of the gauged watershed in the Gard indicates
that this estimate is consistent with the observed series of
discharges. It also reveals that Q10 is on average equal to
twice the value of the 2-year peak discharge Q2 and that the
50-year peak discharge Q50 is twice Q10. The Crupedix for-
mula as well as these ratios were used to compute discharge
quantiles on the ungauged watersheds.
Given the distribution of ﬂooding return periods in each
susceptibility class (Fig. 5) and the return period of the com-
puted discharge, the contingency Table 4 provides the the-
oretical proportion of inundated road sections in each sus-
ceptibility class. It has been considered that no inundation
occurs when the return period of the discharge is lower than
six months.
Risk levels for the inundation of the road sections are de-
ﬁned based on these theoretical proportions as follows:
– High risk: corresponds to a theoretical proportion of in-
undated roads exceeding 65%. Inundation of the road is
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Table 4. Proportion of the inundated road section in each susceptibility class depending on the return period of the simulated discharge.
Proportion of class
Susceptibility class Q2/2<Qsim <Q2 Q2 <Qsim <Q10 Q10 <Qsim <Q50 Qsim >Q50
Very high 65% 100% 0% 0%
High 33% 55% 59% 100%
Medium 20% 33% 34% 100%
Low 0% 0% 0% 20%
Table 5. Summary of the RSWI results when susceptibility classes are considered and when susceptibility classes are not considered (within
parentheses).
POD FAR TIM
Date Nb of Inundated sections Rain (mm) LHH HHH LHH HHH LHH HHH
21 Nov 2003 6 150 100% 100% 4% 15% – –
(0%) (83%) (0%) (8%)
29 Nov 2003 7 180 100% 100% 25% 30% 85% 100%
(43%) (71%) (6%) (13%) (81%) (100%)
17 Dec 2003 0 60 – – – – – –
3 Nov 2004 0 100 – – – – – –
6 Sep 2005 56 300 58% 93% 19% 27% 75% 80%
(26%) (74%) (10%) (29%) (63%) (77%)
almost certain. This will affect the very high suscepti-
bility sections as soon as Qsim >Q2.
– Signiﬁcant risk: when the theoretical proportion of in-
undations exceeds 33%. It corresponds to the very high
susceptibility sections as soon as Qsim >Q2/2, the high
susceptibility sections if Qsim >Q2, and the Moderate
susceptibility sections if Qsim >Q10.
– Moderate risk: when the theoretical proportion is higher
than 20%. This corresponds to a “vigilance state”. In-
undation is far from sure but remains possible. We con-
sidered that a signiﬁcant risk has to be affected to the
low susceptibility class if Qsim >Q50.
Through their theoretical return periods, the discharges com-
puted every 15min at all the intersections between streams
and roads can be linked to the susceptibility of these intersec-
tions and an inundation risk level can be affected to each in-
tersection point. To assess the usefulness of the road suscep-
tibility rating for the efﬁciency of the road inundation warn-
ing system, simulations were also conducted without consid-
eringthesusceptibilityclassesoftheroadsections. Theinun-
dation risk levels are then only based on the return periods of
the computed discharges: moderate risk when Qsim >Q10,
signiﬁcant risk when Qsim >Q50.
5 Test of the proposed road inundation warning system
5.1 Evaluation criterions
The test is based on road inundations reported by local road
management services during ﬁve recent ﬂash ﬂood events
that occurred on 21 November 2003, 29 November 2003,
17 December 2003, 17 November 2004 and 6–9 September
2005. These are the more signiﬁcant storms in the west part
of the Gard region during the period 2003 to 2005. Two of
them (21 and 29 November 2003) are included in the data
set used for the calibration of the hydrological model. The
number of inundated roads in the four test zones as well as
the maximum daily point rainfall accumulation over the four
test areas estimated through the spatial interpolation of rain
gauge measurements are given in Table 5.
An efﬁcient RIWS should be able to identify a large pro-
portion of the actually observed inundations. The warnings
must be delivered before the inundations occur or at least be-
fore it is reported and the number of “false warnings” – pre-
dicted inundations that are not observed – should be limited.
Three criterions were therefore used to evaluate the perfor-
mance of the proposed RIWS:
– Probability of Detection (POD) calculated as the ra-
tio between the number of inundated sections where a
warning has been issued (correct warnings) and the to-
tal number of inundated road sections:
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POD=
CorrectWarnings
Totalnumberofinundatedroadsections
– False alarm ratio (FAR) calculated as the ratio between
the number of non-inundated sections where a warning
has been issued (false warnings) and the total number of
intersections between roads and streams (possibly inun-
dated points).
FAR=
FalseWarnings
Total of Intersections
– Timing (TIM): proportion of the correct warnings is-
sued before the inundation of the road section is re-
ported. Reported times of inundations were only avail-
able for two validation storm events.
TIM=
CorrectWarningsissuedinadvance
CorrectWarnings
5.2 Results
For each studied storm event, the model parameters are cho-
sen according to the values presented in Table 3. Every
15min, the discharges are computed at all the intersection
points between a river and a road in the 4 test zones. These
computed discharges are compared to Q2, Q10, and Q50 spe-
ciﬁc of each section and the contingency table (Table 4) is
used to deduce the inundation risk level depending on the
susceptibility class of the road section. The criterions POD
and FAR are computed for the whole event taking into ac-
count the maximum computed risk levels. The results ob-
tained for the ﬁve validation ﬂash ﬂood events are summa-
rized in Table 5.
As for the two ﬁrst storms (21 and 29 of November 2003),
the 13 inundated sections out of the 293 existing intersec-
tions are all identiﬁed as potentially inundated sections with
the low (LHH) or high (HHH) hydrological hypotheses when
the susceptibility classes are considered (Table 5). Moreover
a majority of these inundated sections are rated with a sig-
niﬁcant level of risk with the LHH and all these points are
rated with signiﬁcant and high risk level with the HHH, sign
that they belong to high susceptibility classes: half of the
points rated with a signiﬁcant or high level of risk have actu-
ally been inundated during these two events. A large propor-
tion of the non submerged river crossing sections of the area
are not identiﬁed as at risk. The rest is generally rated with
a moderate inundation risk level, leaving many possibilities
fortherescueservicestodeﬁnesaferoutes, eveninthesearea
strongly affected by the intense rainfalls. A 100% POD is not
reached when the susceptibility classes are not considered.
Moreover, all the warnings correspond in this case to a mod-
erate risk of ﬂooding: i.e. even if the PODs remain high, the
discriminatory power of the RIWS and hence the information
content of the forecasts is much lower when the susceptibil-
ity of the roads to ﬂooding is not considered. The relatively
high POD obtained without taking into account the suscep-
tibility classes along with the low FAR indicate also that the
spatial repartition of rainfall plays a dominant role: the theo-
retical return period of the computed peak discharges at most
of the inundated road sections exceeds 10 years. As a partial
conclusion, the good performance of the RIWS for these two
ﬁrst test events appears to be the result of the combination of
both: 1) a satisfactory forecast of the spatial distribution of
discharge values – which was not straightforward according
to the roughness of the input data (kriged rainfall ﬁelds) and
to the limited area of the test zones – about 100km2 each –
and 2) the account for the variable susceptibility of roads to
ﬂooding. Correct hydrological simulations are not sufﬁcient
to provide really valuable road inundation risk forecasts. In-
formation of local susceptibilities to ﬂooding is an important
complementary piece of information.
The two next storms have not resulted in inundations in the
selected test areas. The warning system does not provide any
warning because the simulated discharges did not exceed the
lowest deﬁned discharge threshold value Q2/2 at susceptible
road sections. This is also a satisfactory result: the rainfall-
runoff model does not overestimate the discharges produced
by moderate storm events – moderate relatively to the local
climate. This stresses the importance of the selection and
adjustment of an appropriate rainfall-runoff model for fore-
casting purposes.
The last ﬂood event of September 2005 is the most impor-
tant occurred in the test areas over the last ten years. The
area has been affected by two successive very intense storm
events on 6 and 8 September with point rainfall accumula-
tions reaching 300mm on the 6th and exceeding 200mm on
the 8th. 56 out of the 293 river crossings (i.e. about 20%)
were ﬂooded on the 6th. The set of inundated roads includes
almost all the PICH road sections (41 sections in the 4 test ar-
eas) but also other sections, the majority of which belonging
to the low susceptibility class. A large proportion of these
inundated sections were detected by the RIWS: 52 for the
High Hydrological Hypothesis, but a moderate risk level is
affected to 3/5 of these points. The FAR remains limited
even during this extreme event, sign that the rainfall spa-
tial distribution is satisfactorily captured in the kriged rainfall
ﬁelds and that the rainfall-runoff model is well adjusted: on
many of the catchments, the simulated peak discharges did
not exceed the theoretical 10-year discharge. But the power
of discrimination between probable and less probable inun-
dations is lower than for the two ﬁrst test storm events. In
such a situation where a large number of roads are affected,
the performance RIWS is limited by the accuracy of the road
susceptibility rating method (see Versini et al., 2010). The
performance of the RIWS and especially its discriminatory
power – identiﬁcation of the section at high risk – would
be improved if the known ﬂooding frequencies of the road
sections, when available, were considered rather than the es-
timated ones, based on a susceptibility rating method. Let
us have a look at some snapshots of the RIWS outcomes to
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Fig. 6. Comparison between observed road submersions (bold line) and computed warnings: high risk (stars), signiﬁcant risk (squares),
moderate risk (circles).
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conclude this presentation of results. Beyond the summa-
rized results presented in Table 5, these illustrate how the
spatial and temporal pattern and the magnitude of the warn-
ings produced by the RIWS may be helpful for road manage-
ment and rescue services.
5.3 Time sequence of the 6–8 September 2005 event
Figure 6a–f presents some of the maps of the warnings issued
at various moments of the ﬂood events on test zone num-
ber 2, where the maximum estimated point rainfall amount
on 6 September occurred. The reported road inundations are
also indicated on this ﬁgure. The intense rainfall event be-
gan at 04:00 a.m. the 6 September. The RIWS issues the ﬁrst
warnings – moderate risk – at 09:00 when parts of the area
had already received more than 100mm. This late answer of
the RIWS seems to be in accordance with the reported inun-
dations. At 11:00, the situation becomes serious according
to the RIWS with the multiplication of signiﬁcant ﬂooding
risk levels computed on the road network (Fig. 6a). It is also
the moment of the ﬁrst record of a road inundation. A survey
realised at 15:00 by the road management services during a
recession period of the ﬂoods revealed that two more roads
were inundated (Fig. 6b). Both had been already detected
as exposed to a signiﬁcant risk of ﬂooding since 11:00. The
inundations can hardly be dated precisely: they are not nec-
essarily immediately detected by the road management ser-
vices. It is therefore not possible to be sure that the RIWS
did really forecast the inundations before they occurred. But
at least, the forecasts are generally issued before the inunda-
tions are reported. They represent therefore signiﬁcant addi-
tional information for the road management and rescue ser-
vices. Figure 6a also shows that the whole area is affected
by possible inundations except the very western part and this
will be conﬁrmed by the inundation reports. Based on such
forecasts the trafﬁc from North to South could have been ori-
entedto thisless affectedarea, avoiding theroad sectionsthat
were actually inundated.
The pattern for the second event on the 8 September is
slightly different. The watersheds, already affected by a se-
vere storm on the 6th, reacted more rapidly according to
the RIWS, with some high risk levels computed at 13:00
(Fig. 6c). The affected area is also more concentrated in the
north-eastern part of the test area. The ﬁrst inundation, cor-
responding to probably a well surveyed road, was reported at
17:00 (Fig. 6d). Two other inundations were lately recorded,
two hours after the rainfall had ceased (Fig. 6e). These 3
inundations were detected in advance by the RIWS, one of
these being a non-PICH point belonging to the medium sus-
ceptibility class (i.e. it would not have been detected without
the theoretical susceptibility rating method). In this second
example, thetiming, thespatialrepartitionandthemagnitude
of the warning computed by the RIWS appear again correct
if not perfect and potentially useful for ﬂood event manage-
ment services.
6 Conclusions
A Road Inundation Warning System for ﬂash ﬂood prone ar-
eas has been developed and tested on some sub-areas of the
Gard Region. The results obtained are promising. The pro-
totype is able to rate the inundation risk in advance to the
ﬁeld reports on ﬂooding with an acceptable level of accu-
racy: i.e. relatively high probability of detection (proportion
of actually ﬂooded points affected by a signiﬁcant risk level
between70and100%), withareasonablefalsewarningratio.
These preliminary results are not perfect and will remain so.
As many forecasting tools, the RIWS prototype should there-
fore not be considered as a decision support system but rather
as a useful source of information, among others, especially
ﬁeld observations, that can help the emergency services dur-
ing a ﬂood event to improve their decision. The development
and the testing of the prototype have revealed that:
1. A detailed inundation susceptibility analysis is required
to improve the discriminatory power of the method and
the information content of the forecasts. The most sus-
ceptible road sections must be identiﬁed in advance for
the tool to be really informative. In the Gard Region,
this susceptibility analysis beneﬁted from the existence
of the PICH inventory. A susceptibility rating method
has been developed, initially to evaluate the suscepti-
bility to ﬂooding of the road sections outside the area
covered by the PICH inventory – for an extrapolation
purpose. It has been used here for all the sections as a
test, but the RIWS will certainly provide clearer fore-
casts if the known susceptibilities (empirical return pe-
riod of inundations) of the road points were directly
taken into account when available. The proposed sus-
ceptibility rating method may be helpful to develop a
similar project in other regions. However, it cannot be
directly extrapolated without further tests and adjust-
ments. A road inundation risk computation tool must
rely on some information concerning the road network
susceptibility to ﬂooding that is partly site speciﬁc.
2. The key part of the RIWS is the distributed hydrological
model. The spatio-temporal distribution of the rainfall
has a major inﬂuence on the road network state and the
hydrological model must be able to take it into account.
The obtained results clearly showed that the hydrologi-
cal model delivered valuable information for end-users
despite its very modest results in terms of ability to ac-
curately simulate the outﬂows. This conclusion is of
key importance as far as the practical usefulness of hy-
drological models is concerned. The prototype RIWS
demonstrated that highly accurate discharge forecasts –
often the objective of the hydrologists - are not abso-
lutely necessary for event management decisions and
that rough estimates of the possible magnitude of the
discharges may be sufﬁcient for some issues. Provided
that they are thoroughly tested and adjusted to the local
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speciﬁcities of the rainfall-runoff relation, the existing
models are already able to produce such forecasts of
discharge magnitudes as illustrated herein.
This work should be considered as a ﬁrst example demon-
strating that it is technically possible to provide distributed
warnings fora high number of ungaugedlocations ina region
– the Gard region counts more than four thousand crossings
between rivers and roads – and that these warnings could
prove useful despite the uncertainties linked to measured
rainfalls and the limits of the hydrological models. Many al-
ternativestothevariouschoicesmadehereincanbeproposed
and tested: 1) use of weather radar QPE spatially more ac-
curate but possibly locally biased rather than kriged rainfall
ﬁelds, 2) test of other rainfall-runoff models and reﬁnements
of their calibration, 3) improvement of the susceptibility rat-
ing method and extension of its validation, 4) test of other
coupling approaches between the computed discharges and
the susceptibility of the roads, 5) adapt the model to run it
in a forecasting mode rather than in a simulation mode to in-
crease the forecasting lead time by the response time of the
watersheds (i.e. between 15min and a few hours depending
on the area of the watersheds). The next step of the valida-
tion of the RIWS will also consist in confronting potential
end-users with its outputs.
Finally, these ﬁrst results open new perspectives for the
development of ﬂash ﬂood forecasting tools. Other appli-
cations could be suggested, especially applications which
would build on databases on local vulnerabilities (dam di-
mensioning information, data on embankment dimensions
and state, hazard and risk maps elaborated for towns): de-
termination of dam or embankment breach or overtopping
risk, rating of possible damage magnitude in towns but also
identiﬁcation of debris ﬂow or landslide hazard, particularly
important in the case of alpine headwater catchments.
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